Abstract. Metal fluoroanions are of significant interest for fundamental structure and reactivity studies and for making isotope ratio measurements that are free from isobaric overlap. 
Introduction

F
luoroanions have been the subject of a range of fundamental and applied research because they have extensive potential for useful fluorination chemistry and also provide a means for studying fluorine interactions with Lewis acids such as metal cations. For example, fluoroanions can be used to probe new bonding motifs in organometallic complexes, involving metals that include B [1] , Co [2] [3] [4] [5] [6] , Ga [7] , As [1] , Cd [8] , Pd [9] , In [7] , Sn [10] , and U [11] . One of the most intriguing properties of fluoroanion-containing materials is the ability to solvate HF, which has the potential to provide improved safety and efficiency for synthetic chemistry [7, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . For example, anhydrous HF-containing systems have great utility for synthesis of high oxidation state fluoroanions, such as [AgF 4 ]
-and [NiF 6 ] 2- [29] , and the extensive research of Hagiwara and coworkers has shown that HF stabilized in ionic liquids can be used to make a variety of fluoroanions, including [ - [20] . These approaches build upon established approaches, such as using trimethylamine with fluoromethane with the appropriate Lewis acid to synthesize BF 4 -, PF 6 -, , and GeF 6 2- [30] , and the more exotic use of high oxidation state binary transition metal fluorides as fluorinating agents [31] .
Determination of fluoroanion composition and structure has utilized both NMR and X-ray approaches. An excellent example of the former are 19 [34] . Extended X-ray absorption fine structure is also highly useful, for example investigations of metal fluoride bonds of singly and doubly charged hexafluoroanions of Ru, Rh, and Pd [35] , and Os, Ir, and Pt [36] . Accurate measurement of the unit cell volumes of lithium salts of singly and doubly charged hexafluoroanions of Nb, Ru, Rh, Ta, Os, Ir, Pt, and Au were measured using synchrotron X-ray powder diffraction studies [37] . In contrast, there have been far fewer investigations of fluoroanion species in the gas phase. Several prior investigations of gas-phase metal fluoroanions have been motivated by the need to measure isotope ratios without isotopic overlap. Measurements of trace isotopes of many elements have been limited because they require formation as anions, which is a practical requirement for accelerator mass spectrometry. This is normally accomplished by compounding the metal of interest with oxygen, which, while effective, introduces isobaric overlap problems stemming from the two minor isotopes 17 O and 18 O. Litherland and coworkers have noted this and recently canvassed the periodic table, demonstrating that sputter ionization of a PbF 2 matrix can be used to form metal fluoroanions [38] [39] [40] . The MF n -species that were formed in this manner generally contained element M in the oxidation state most prominent in the condensed phase.
The fact that fluoroanions can be produced in ionic liquids (ILs) suggests negative-mode electrospray ionization (ESI) as an alternative means of producing gas-phase metal fluoroanions. A number of groups have shown that ESI can be used to investigate ionic liquids, despite their famously low vapor pressure; ion pair evaporation was demonstrated by Hogan and de la Mora, which explains how these materials are compatible with ESI-MS [41] . Some of the initial ESI studies analyzed neat ionic liquids for contaminants, which could be accomplished using a heated curtain gas [42] , or by merely placing a droplet in the flow of the desolvation gas [43] . The low vapor pressure of the ionic liquids enabled vacuum ESI-MS studies of imidazolium ionic liquids from a tungsten emitter [44, 45] , and investigations of ESI of ILs as sources of cluster ions [46] [47] [48] [49] .
Finding degradation products has been a common objective for ESI studies of ILs, for example measurement of hexafluorophosphate degradation products caused by electrolysis of water [50] , or radiolysis products [51] . Normally, ESI-MS studies are conducted by diluting the ILs in polar or even nonpolar solvents [42, 52] . Generally the ESI response for IL components and solutes is intense, so ESI has been used in a wide range of analytical studies, including measuring the solubility of ILs in water [53] , the compositions of strontium [54] and uranyl [55] coordination complexes, and the compositions of Rh and Ru complexes used as catalysts [56, 57] . Facile ESI production of IL-derived ion pairs was used to measure relative anion-cation binding energies by collision induced dissociation reactions that displayed trends similar to those generated using density functional theory (DFT) calculations [58] . -was originally developed by Hagiwara and coworkers [13-18, 20, 22, 24, 25] with the objective of generating a fluorinating environment for organic fluorination reactions [26] [27] [28] - [60] . The Zr fluoroanions were observed by diluting the IL-Zr solutions in acetonitrile and electrospraying the resulting solutions.
In this report, we describe formation of [FeF 4 ] -; iron was investigated because unlike Zr or Si, it has two easily accessible oxidation states, and it is of interest whether electrospray of the ionic liquid-metal solution would preserve the oxidation state of iron originally present in solution. In addition to addressing ion formation questions, the iron fluoroanions might have utility for isotope ratio measurements; since fluorine is monoisotopic, the isotopic envelope of the iron fluoroanions reflects only the iron isotope ratio.
Experimental
Iron Chloride Solutions
-was generated according the method of Hagiwara by condensing anhydrous HF onto 1-ethyl-3-methylimidazolium chloride [13] -in the 9:1 acetonitrile:water solvent. In one experiment, an aliquot of the aqueous iron(III) chloride solution was treated with approximately 1000 molar equivalents of hydrogen peroxide relative to Fe to ensure all of the iron in solution was iron(III) prior to mixing with pure acetonitrile.
Electrospray Ionization Mass-Spectrometry (ESI-MS)
Electrospray-ionization mass spectra were collected using a microTOF-Q II (Bruker, Billerica, MA, USA). Samples were injected via direct infusion into the ESI-MS at a rate of 3 μL/ min, using a syringe pump (KD Scientific, Holliston, MD, USA). The ESI dry gas (desolvation gas as sheath gas for the ESI droplets) temperature was 180°C, and operated at a flow rate of 4 L/min. Electrosprayed ions were transferred from the ESI source to the acceleration region of the time-of-flight mass analyzer via a capillary transfer tube, two serial ion funnels, a hexapole, a quadrupole, and a collision cell. For single-stage mass spectrometry, the quadrupole was operated in an rf-only mode. For MS/MS experiments, it operates as a mass filter for selecting the parent ion of interest prior to collision induced dissociation occurring in the collision cell. Nitrogen was used as the collision gas, at a pressure of about 1×10 -2 mbar. Ion energies in the MS/MS experiments were on the order of 20-60 eV (E lab ): excitation energy is imposed by applying a potential to the collision cell as a percentage of the maximum value, which was 200 eV. In the experiments shown, fragmentation was achieved by applying 10%-30%. Ion elemental composition can be deduced by way of accurate mass measurement, which is facilitated by the mass resolution of the instrument (~8000 m/Δm). Mass measurement accuracy of about 5 ppm is achievable using external calibration. The mass spectrometer was operated using standard Bruker tuning parameters, specifically Btune low^(see Supplementary Material  Tables S1 and S2 ).
Computational Methods
Gaussian03 was used for optimization of all molecular geometries and vibrational analyses [61] . Density functional theory [62] calculations were performed at the B3LYP level of theory [63, 64] , with the 6-311++G(d,p) basis set for all atoms. Calculations were initiated starting from a variety of structures that were generated by intuition and previous experience with similar zirconium-ionic liquid complexes [60] . All calculated structures are true minima (i.e., no imaginary frequencies). Coordinates for all calculated structures are provided in Table S3 in the Supplemental Material.
Results and Discussion
Analysis of Iron(III) and Iron(II) Chlorides Dissolved in [EMIm][F(HF) 2.3 ]
The negative electrospray ionization mass spectrum of a solution of FeCl 3 dissolved in water and then diluted with 10 mM -measured could also be present in the aqueous phase or could be induced by a reductive process occurring in the electrospray ionization, but subsequent considerations argue against these explanations. 
Other cluster ion envelopes display the same trend. This was surprising since the fluorohydrogenate anion forms a more stable complex than the chloride anion in the condensed phase [13] . This experiment was conducted using -(triflimide). It is present as a contaminant in the electrospray ionization source as a result of analyses of other ionic liquid systems. Triflimide is remarkably difficult to purge from an electrospray instrument, and so our opinion is that it should be introduced into the mass spectrometer with reticence; on the other hand, it has a large negative mass defect and can serve as an omnipresent mass standard.
With the exception of the cluster anions, the chemical background in the mass spectrum was very low, which suggests that high-accuracy, high-precision isotope ratios might be achievable using this ion formation chemistry. This expectation is supported by isotope ratios measured for both [ -at m/z 261 that is nearly as abundant [59] Figure S1) -(described below) demonstrated that mixtures of Fe(II) with the fluorohydrogenate solution followed by ESI were in fact oxidizing. The identity of the oxidizing agent is unknown but is hypothesized to be oxygen, likely dissolved in all of the liquids used in these experiments. It is worthwhile noting that the spray chamber is continually flushed with high purity nitrogen, which suggests that atmospheric oxygen cannot be the oxidant; however, it is possible that traces of oxygen are dissolved into the IL. We attempted to remove this by sparging the sample IL with nitrogen, but the results were inconclusive, and the identity of the oxidant remains an open question. -is likely derived from Fe(III) in the spray solution, since one would expect reduction, not oxidation reactions to occur at the emitter in negative-ion mode electrospray. Therefore, the overriding conclusion here is that the oxidation state of iron in gas-phase species is the same as that presumed to be in solution.
The spectrum generated by the complementary experiment starting with FeCl 3 produced abundant isotopic envelopes corresponding to the expected Fe(III) species [FeCl 4 ] -and the 
Computational Studies of the Iron Fluoroanions
Density functional theory calculations were performed in order to understand whether or not there were underlying thermodynamic reasons for the absence of [FeF 3 ]
--containing complexes, and the nature of the interaction between the iron fluoroanions and the [EMIm] + cation. The stable structure predicted for [FeF 3 ]
-was a trigonal pyramid with a quintet electron configuration (a complete list of coordinates calculated for all structures is found in the Supplementary Material).
[FeF 4 ]
-was predicted to be a tetrahedron with a sextet electron -anion, and this is predicted to be exothermic by 432 kJ/mol.
Metal fluoroanions are stable in the fluorohydrogenate ionic liquid, which is consistent with the presence of the anioncation complexes in the gas phase [19, 21] -species to see whether there were significant differences in interaction energies that might help explain the low abundance of the latter. In the [EMIm]
-cationic complex (Figure 6a ), the cations are bound to [FeF 4 ] -by four F-H bonds involving three H and two F atoms situated in a BW^geometry. The anions preferentially bind with the methyne H atom of the imidazolium ring, which is the most acidic H atom in the cation, and two H atoms on vicinal alkyl groups are also involved. [58] The F-H bond lengths ranged from 2. -anion is bound via two F-H bonds involving the acetylenic H atoms; these are significantly shorter at 2.00 and 2.04 Å but there are fewer of them. The geometries of both [FeF 4 ] -anions in this complex are very similar to one another.
Calculation of the total cation-anion binding energies produced a value of 461 kJ/mol for [ (Figure 7) . DFT modeling suggested that this was energetically favored, by 384 kJ/mol. -is present, its clusters should form and be observed in the mass spectra. Thus, it is unlikely that Fe(II) is present in the sample solutions generated from the IL and either Fe(II) or Fe(III).
The structure of [EMIm]
-in a distorted trigonal planar geometry: F-Fe-F angles directed towards the cation are 100°and 105°, significantly smaller than the 120°angle calculated in uncomplexed trigonal planar structure. This geometry is somewhat surprising because the uncomplexed trigonal pyramid with a quintet electronic configuration is 390 kJ/mol lower than the trigonal planar structure as a singlet. Attempts to optimize [ -in the trigonal planar geometry with a singlet electronic configuration were not successful, and neither were attempts to calculate a triplet electronic configuration. Although not locating an optimized structure does not rule out the possibility, it likely indicates a preference for the quintet electronic configuration. A true trigonal planar geometry is not allowed for a 3-coordinate d 6 metal as a quintet due to orbital degeneracies. It was surprising that the F-Fe-F moieties having bond angles approaching 100 o did not adopt the BW^bonding motif seen in the distorted tetrahedron [FeF 4 ] -; however, we believe that orienting the methyne H atom into the center of the F-Fe-F cleft would result in cation-cation repulsion. The bidentate interaction results in a complex that that is actually more stable than those formed from via the BW^bonding motif.
Comparing -anion in the condensed phase ionic liquid, which in turn leads to enhanced formation of gas-phase [FeF 4 ] -. The mass spectra generated by these experiments have low background and no isobaric interferences, characteristics that are favorable for accurate measurements of isotope ratios of iron samples. This result, together with prior demonstrations of the formation of EMImfluorohydrogenate ionic liquids containing B, P, As, Nb, Ta, W, and U, and the recent observation of Zr and Si fluoroanions by electrospray, suggests that this approach will have wide applicability for forming metal fluoroanions, not only for isotope ratio measurements but also for gas-phase ion chemistry studies.
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